Introduction
============

In the last few decades, we witnessed a tremendous interest in the science of nanoparticles (NPs) due to the strong dependence of their electric, magnetic, optical and mechanical properties on their size and shape. The tunability of these properties made them ideal candidates for applications in many different fields such as electronics, engineering, catalysis, biology and medicine. As a result, metallic nanoparticles (MNPs) have already been used in biomedical applications for sensing, imaging and therapy, including cancer diagnosis,[@b1-ijn-13-1041],[@b2-ijn-13-1041] delivery of antitumor agents[@b3-ijn-13-1041]--[@b8-ijn-13-1041] and photothermal and photodynamic therapies.[@b3-ijn-13-1041]

Among the different classes of MNPs that have been tested so far, gold nanoparticles (AuNPs) possess several advantages over their competitors: facile synthesis and surface functionalization, ease of characterization and apparent low cytotoxicity. Currently, AuNPs are used in clinical practice to treat rheumatoid arthritis, while radioactive gold microparticles are successfully used in radioisotope cancer therapy.[@b9-ijn-13-1041],[@b10-ijn-13-1041] Recent studies also reported the use of AuNPs in various imaging, biomolecular sensing, photothermal therapy and targeted drug delivery methods.[@b11-ijn-13-1041]--[@b14-ijn-13-1041]

On the other hand, the presence of a surface plasmon resonance (SPR) band, leading to a strong amplification of the incident electromagnetic field in the close proximity of AuNPs' surface, made them ideal candidates for surface-enhanced Raman spectroscopy (SERS) applications. This vibrational technique is gaining more and more attention in the field of nanomedicine since it is able to provide molecular-specific structural information with a high degree of sensitivity and specificity by performing rapid and nondestructive measurements on different biological samples (tissues, biofluids, cells).

In a typical synthesis procedure, AuNPs are obtained through chemical reduction of a gold precursor (chloroauric acid) by a chemical agent such as hydrazine, sodium borohydride, sodium citrate and other chemical compounds. Very often this reduction process is performed in the presence of a capping agent, stabilizer or surfactant (ie, cetyltrimethylammonium halides), capable to physisorb onto the surface of NPs and to stabilize them in solution by means of electrostatic and/or steric repulsions. From the point of view of medical applications, the major disadvantage of these methods is represented by the toxicity of the chemical species implied in the synthesis, the very vast majority of them being very toxic even at submicromolar doses.[@b15-ijn-13-1041]

Over the last decade, a tremendous effort has been made toward the development of new, nontoxic and low-cost synthesis methods of AuNPs, which could be used in biomedical applications, based on green chemistry and biological approaches. A green chemistry approach for the synthesis of NPs has several advantages over conventional chemical methods, as it is a simple, fast, single-step, environmentally safe and inexpensive method. Moreover, in many cases, the natural plant extracts have been proved to have a dual role, acting in the first instance as reducing and capping agents and then modulating the biological effects of NPs in a synergistic manner.[@b16-ijn-13-1041]--[@b18-ijn-13-1041] Some medicinal plants (*Aloe vera*, *Mentha piperita*, *Ananas comosus*, *Senna siamea*, *Azadirachta indica*, *Medicago sativa*, *Pelargonium graveolens*) have already been used for the synthesis of spherical or anisotropic AuNPs,[@b19-ijn-13-1041]--[@b25-ijn-13-1041] but still a large number of medicinal plant extracts have not been tested so far.

*Origanum vulgare* (oregano) is an herbaceous, perennial and very tough plant, with pinnate leaves and purple flowers, belonging to the Lamiaceae family.[@b26-ijn-13-1041] It is native to warm temperate western and southwestern Eurasia and Mediterranean regions. It has been widely used in the agricultural, pharmaceutical and cosmetic industries as a culinary herb, as flavoring substance in food products and in alcoholic beverages and perfumery, mainly due to its spicy fragrance.[@b27-ijn-13-1041],[@b28-ijn-13-1041] The leaves and flowering stems contain essential oils (carvacrol, thymol, *p*-cymene, etc.), flavonoids (apigenin, luteolin, salvigenin, cirsimaritin, diosmetin), phenolic acids (rosmarinic and caffeic acids), anthocyanins, etc.[@b29-ijn-13-1041] Oregano is widely known as possessing therapeutic properties (diaphoretic, carminative, antispasmodic, antiseptic, tonic), being used in the traditional medicine systems of many countries for the treatment of digestive, respiratory and urinary tract disorders, indigestion, dental caries and rheumatoid arthritis.[@b26-ijn-13-1041] Several previous studies concerning the antimicrobial, antiviral, antioxidant, antimutagenic, antihyperglycemic, and anti-inflammatory effects of *O. vulgare* have been reported in the literature.[@b27-ijn-13-1041],[@b30-ijn-13-1041]--[@b33-ijn-13-1041]

The aqueous leaf extract of *O. vulgare* has been used for the green synthesis of silver NPs. The as-synthesized silver NPs showed antimicrobial and cytotoxic activities.[@b29-ijn-13-1041] However, to the best of our knowledge, in the scientific literature, there are no studies reporting the capacity of *O. vulgare* to act as a reducing agent for Au^3+^ and to generate AuNPs in a very rapid and simple synthesis procedure.

The aim of the present paper was to develop an original method for the synthesis of biocompatible AuNPs using aqueous extracts of the *O. vulgare* aerial parts and/or leaves collected from Romanian spontaneous flora. Once synthesized, the AuNPs have been thoroughly characterized using different complementary techniques. Their physicochemical properties (size, shape, plasmonic properties) have been evaluated together with their biological ones (antioxidant, antimicrobial and cytotoxic capacities) for a proper assessment of their potential applicability in nanomedicine.

Materials and methods
=====================

Chemicals
---------

All chemicals used in this study were of analytical grade. Ethanol, Folin--Ciocalteu reagent (EMD Millipore, Billerica, MA, USA), sodium carbonate, tetrachloroauric acid (III) trihydrate (HAuCl~4~⋅3H~2~O), gallic acid, methylene blue (MB), propranolol (PRNL) hydrochloride (Sigma-Aldrich Co., St Louis, MO, USA), 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ascorbic acid (Alfa-Aesar, Karlsruhe, Germany) were used without further purification. For the assessment of antimicrobial potential, the following microorganism strains were purchased from Microbiologics^®^ (St Cloud, MN, USA): *Staphylococcus aureus* ATCC 49444, *Listeria monocytogenes* ATCC 13076, *Escherichia coli* ATCC 25922, *Salmonella typhimurium* ATCC 14028 and one fungal strain, *Candida albicans* ATCC 10231. For the antiproliferative effect and cell cytotoxicity assay, normal human dermal fibroblast, adult (HDFa; Thermo Fisher Scientific, Waltham, MA, USA) cell line, human radial growth phase melanoma cell line (WM35; American Type Culture Collection \[ATCC\], Manassas, VA, USA), fetal calf serum (FCS; HyClone), non-essential amino acids (NEAA; Sigma-Aldrich Co.), gentamicin and amphotericin (Biochrom AG, Berlin, Germany), Dulbecco's Modified Eagle's Medium/F12 (DMEM/F12; Sigma-Aldrich Co.), dimethyl sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich Co.) have been used. Double distilled water (18.2 MΩ⋅cm; Barnstead EasyPure RoDi) was used as a solvent.

Characterization
----------------

The ultraviolet (UV)--visible (Vis) absorption spectra of colloidal solutions were recorded by a T92+ UV--Vis spectrophotometer (PG Instruments, Leicestershire, UK) using standard 1 cm quartz cells at room temperature. The measurements have been performed in the 400--900 nm spectral range with a spectral resolution of 2 nm.

Transmission electron microscopy (TEM) images of the NPs were acquired on a Hitachi HT7700 (Hitachi Ltd., Tokyo, Japan) electron microscope equipped with an 8-megapixel CCD camera operating at 120 kV in the high contrast mode. For TEM examination, a 5 μL drop of NP suspension was deposited on carbon-coated copper grids. After 2 minutes, the excess liquid was removed by filter paper and the sample was left to dry under ambient air.

Photon correlation spectroscopy (PCS) and zeta potential measurements were performed on Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK) working in a 90° configuration. Three cycles of 10 measurements of 5 s each were performed for each sample.

The Fourier transform infrared (FTIR) spectra were recorded with a TENSOR II instrument (Bruker Optics Inc., Billerica, MA, USA) in attenuated total reflectance mode using the platinum attenuated total reflectance (ATR) accessory with a single reflection diamond ATR in the 400--4,000 cm^−1^ spectral range with a resolution of 4 cm^−1^. Dry plant materials or dry colloid samples were placed in direct contact with the diamond crystal, and an average spectrum of 16 scans was recorded for each sample. The colloids were centrifuged for 10 minutes (10,000× *g*), and the supernatant was discarded before placing the pellet on the diamond crystal and allowing it to dry.

Surface-enhanced Raman (SER) spectra were recorded on DeltaNu Advantage Raman Spectrometer (DeltaNu, Laramie, WY, USA) using a 785 nm excitation wavelength, working in a backscattering geometry, with a laser power of 60 mW and a spectral resolution of 5 cm^−1^. All measurements were performed in 1 mL glass vials filled with 540 μL colloid and 60 μL analyte. For each spectrum, a minimum of four accumulations having each an exposure time of 20 s have been performed. The final spectrum was obtained by averaging all recorded spectra.

Plant material and extraction procedure (*O. vulgare* extract \[OVE\])
----------------------------------------------------------------------

The aerial parts (*Origanum herba* \[OH\]) or leaves (*Origanum folium* \[OF\]) of *O. vulgare* (Voucher No 793) were harvested from the spontaneous flora (Valea Ariesului region, Romania) in the blossom period ([Figure S1](#SD1-ijn-13-1041){ref-type="supplementary-material"}). A voucher specimen was deposited in the Faculty of Pharmacy's Herbarium, Department of Pharmacognosy, Cluj-Napoca, Romania. The plant materials were reduced to a proper degree of refinement. In all, 2 g were weighed and extracted with 20 mL of absolute ethanol (Sigma-Aldrich Co.) on ultrasonic bath (Sonic 3; Polsonic Palczyński Sp. J., Warsaw, Poland) at 60°C and followed by sonication for 30 min. The OVE was filtered through a paper filter in a 20 mL graduated flask, and the resulting residue was washed twice with ethanol in the same flask. The ethanol was further evaporated by drying the resulting extract on a water bath. The dry residue was then dissolved into 20 mL of bi-distilled water and sonicated for 30 min at 60°C. The sample was then cooled down and centrifuged (1,930× *g*) for 20 min, and the supernatant was recovered.[@b33-ijn-13-1041]

Preparation of AuNPs
--------------------

The AuNPs have been synthesized using an original method, adapted from a previous one developed in our laboratory for the green synthesis of biocompatible gold and silver NPs using polyethylene glycol (PEG) of different chain lengths as both reducing and capping agents.[@b34-ijn-13-1041],[@b35-ijn-13-1041] Briefly, 20 mL of an HAuCl~4~ (1 mM) stock solution have been heated using a magnetic heating plate. When the solution's temperature reached 85°C, different volumes (between 0.25 and 2 mL) of plant extract solutions (either OH or OF) were rapidly added to the heated solution containing Au^3+^ ions. After 60 s of stirring, the colloidal solution changed its color from pale yellow to ruby red, indicating the successful synthesis of AuNPs. The pH values, measured right after the synthesis, were in the 2.5--3.2 range, and the maximum UV--Vis absorption peaks were located between 522 and 546 nm.

Determination of total phenolic content
---------------------------------------

The total phenolic content (TPC) was calculated using a modified colorimetric method previously described by Singleton et al.[@b36-ijn-13-1041] The method involves the reduction of Folin--Ciocalteu reagent by phenolic compounds, with a concomitant formation of a blue complex.[@b37-ijn-13-1041]--[@b39-ijn-13-1041] The method has been applied for the determination of TPC for both pure OVEs and colloidal AuNPs synthesized using OVE as reducing and capping agents. Briefly, 2 mL of the tested solution was added to 1 mL of Folin--Ciocalteu reagent and the mixture was supplemented with 10 mL of distilled water. A sodium carbonate solution (290 g/L) was added up to a final volume of 25 mL. The samples were incubated in the dark for 30 min, and the absorbance values at 760 nm were measured. Meanwhile, standard experimental curves were obtained using different concentrations of gallic acid as a standard probe ([Figure S2](#SD2-ijn-13-1041){ref-type="supplementary-material"}). The TPC values were determined using the calibration curve of gallic acid graph (*R*^2^=0.999). The TPC was expressed as gallic acid equivalent (GAE) in milligrams/dry material plant in the sample in grams.

Radical scavenging activity using DPPH method
---------------------------------------------

Free radical scavenging activity of OVE and gold colloids synthesized using OVE was determined by the DPPH assay. Ascorbic acid was chosen as a reference antioxidant. A volume of 1 mL of DPPH solution in ethanol (0.1 g/L) was separately mixed with 1 mL of *O. vulgare* diluted extract (69 times) and 1 mL of the AuNP solution. After 30 min of incubation at room temperature, the decrease in the absorbance was measured at 517 nm. The percentage of scavenging ability of the extracts and colloids was calculated as: $$DPPH\ scavenging\ effect\left( \% \right) = \frac{Abs_{control} - Abs_{sample}}{Abs_{control}} \times 100$$where *Abs~control~* is the absorbance of DPPH radical + ethanol (containing all reagents except the sample) and *Abs~sample~* is the absorbance of DPPH radical + sample extract. The control solution was prepared by mixing 1 mL of ethanol with 1 mL of DPPH radical solution. A very low absorbance value can be correlated with a high DPPH scavenging activity.[@b40-ijn-13-1041]--[@b42-ijn-13-1041]

Determination of antimicrobial activity
---------------------------------------

The disk diffusion assay was used to determine the comparative antimicrobial activity of plant extracts and AuNP solutions against a panel of microorganisms, including two Gram-positive bacteria (*S. aureus* ATCC 6538P and *L. monocytogenes* ATCC 13932), two Gram-negative bacteria (*Salmonella enteritidis* ATCC 13076 and *E. coli* ATCC 25922) and one fungus (*C. albicans* ATCC 10231). After the hydration of the lyophilized strain, the sterile tampon was impregnated with the hydrated material and transferred on the selective medium specific for each strain (eg, *Salmonella*: Rambach agar, xylose lysine deoxycholate agar; *E. coli*: tryptone bile x-glucuronide agar). The tampon was rotated with pressure, and a circular area was inoculated on the agar media. Using a sterile loop, streaks were repeatedly made in the inoculated area and on the rest of the plate. Immediately afterwards, the inoculated culture mediums were incubated at corresponding temperatures (eg, *Salmonella* 37°C; *E. coli* 44°C). A 0.5 McFarland suspension was obtained from the pure ATCC reference culture of 24 h (corresponding to 10^8^ colony-forming unit \[CFU\]/mL). The Müller--Hinton agar plates were inoculated by inundation. The plates were dried in a thermostat for 20 min (this time interval was not exceeded because the bacteria might reach a multiplication phase). The sterile disks were soaked in 60 μL of the tested solutions (10% OH extract or AuNPs synthesized using 1 mL of OH extract). Disks embedded in double distilled water were used as negative controls. The plates were incubated overnight at 37°C, and the results were recorded by measuring the diameter of the inhibition zone (DIZ) in millimeters.[@b43-ijn-13-1041]--[@b46-ijn-13-1041]

Toxicity assay
--------------

### Cell culture

The assessment of antiproliferative effect was performed on both normal HDFa cells and a human radial growth phase melanoma cell line (WM35). The cell lines originate from the cell collection of Oncological Institute "Prof Dr Ion Chiricuţă" Cluj-Napoca, being a generous gift of Dr Olga Soritau. Fibroblasts cells were cultivated in DMEM/F12 supplemented with 10% FCS, 1% NEEA, 1% antibiotic/antimycotic (Thermo Fisher Scientific) and 2 mM glutamine (Thermo Fisher Scientific). MW35 cells were maintained in the Roswell Park Memorial Institute (RPMI) medium (Sigma-Aldrich Co.) supplemented with 10% FCS, 1% antibiotic/antimycotic and 2 mM glutamine.[@b47-ijn-13-1041]

### Cytotoxicity assay

Cytotoxicity assay was performed using the standard MTT approach, following the procedure specified by the manufacturer. The MTT assay consisted of the conversion of water soluble MTT to the insoluble formazan, which was further solubilized with 200 μL DMSO. Its final concentration was determined by reading the absorbance at 550 nm, using an enzyme-linked immunosorbent assay (ELISA) microplate reader. The cells were seeded at a density of 10^5^ cells/well in ELISA 96-well microtitration flat bottom plates and allowed to accommodate for 24 h in normal growth conditions. The cultures were then exposed to different concentrations of as-synthesized AuNPs and pure OVEs (0.25, 0.5, 1.0, 2.0 and 4.0 μg/mL) for 24 h. Each experiment was carried out in triplicate. Cell cultures treated only with medium were used as control. After 24 h, the treated cells and their control counterparts were incubated for 2 h with 200 μL of MTT.

Statistical analysis
--------------------

All data are reported as the mean value ± standard error of the mean (SEM). A minimum of three replicates were performed for each experiment. The Gaussian distribution was checked by the Shapiro--Wilk normality test. Statistical analysis was performed using the two-way analysis of variance (ANOVA), and Bonferroni posttest was used as a post hoc analysis. *p*-values \<0.05 were considered as significant. Statistical values and figures were obtained using either GraphPad Prism version 5.0 for Windows (GraphPad Software, Inc., La Jolla, CA, USA) or OriginPro 2016 (OriginLab Corporation, Northampton, MA, USA).

Results and discussions
=======================

Synthesis and characterization of gold NPs
------------------------------------------

The addition of different volumes of the two types of OVEs (OH or OF) to the heated gold precursor solutions induced their color change from pale yellow to red. This strong color shift, which can be attributed to the excitation of SPR vibration, represented the first evidence of formation of AuNPs. All reactions completed within a few minutes. The UV--Vis spectra of the colloids, recorded after the solutions cooled down to room temperature, are presented in [Figure 1](#f1-ijn-13-1041){ref-type="fig"} together with the optical images of the colloids synthesized using the two types of plant extracts.

In the case of OH extract ([Figure 1A](#f1-ijn-13-1041){ref-type="fig"}), the smallest volume necessary for the synthesis of gold colloid was 0.25 mL. By increasing the extract volume up to 1 mL, an increase in the overall absorbance values and a blue shift of the maximum of absorption have been observed. Starting from 1 mL plant extract, a second plasmonic peak -- located in the near infrared (NIR) region -- can be detected. Its presence indicates the existence of either larger or anisotropic nanostructures. A further increase in the added extract volume (1.5 and 2 mL) led to a decrease in the main plasmonic peak absorbance values together with a redshift of their wavelengths. An increase in the absorbance values of the second peak from the NIR region and a blue shift of the maximum absorbance wavelengths have also been noticed.

It is important to note that as we increased the amount of extract used in the synthesis, the absorbance at 400 nm (A~400~) monotonically increased up to a maximum value of 1.3 (obtained for 1 mL extract). This value remained constant even if the volume of the plant extract was further increased up to 2 mL. Very recently, Scarabelli et al[@b48-ijn-13-1041] have shown that the A~400~ value can accurately predict the gold ions' reduction yield (or the amount of gold in atomic state), regardless of the shape and size of the synthesized NPs. Based on inductively coupled plasma-mass spectrometry measurements, they have shown that an A~400~ value of 1.2 corresponds to a concentration of gold atoms \[Au^0^\] of 0.5 mM. In our study, the increase in the extract volume led to an increase in A~400~ value, indicating a larger reduction yield. The maximum absorbance was reached for 1 mL OH extract, the absorbance values being in good correlation with the literature. A further increase in the extract volume could not increase the A~400~ value since the gold precursor was completely reduced.

A similar behavior has been observed for OF extracts ([Figure 1B](#f1-ijn-13-1041){ref-type="fig"}). In this case, only three volumes of plant extracts have been tested (0.5, 1 and 1.5 mL). The maximum absorption peak has been obtained again for a volume of 1 mL extract, and the A~400~ values were very close to those observed for OH extracts. However, in this case, the surface plasmonic peaks were located at higher wavelengths (556 nm for 0.5 mL, 546 nm for 1 mL and 536 nm for 1.5 mL extract volumes), indicating the synthesis of larger particles with respect to those synthesized using OH extracts. No absorption peaks have been detected in the NIR region, suggesting that the vast majority of the NPs have a spherical shape. TEM images of the colloids synthesized using the two types of plant extracts are presented in [Figure 2](#f2-ijn-13-1041){ref-type="fig"}. The ability of OVEs to reduce the gold ions and to promote their self-organization into NPs can be explained if one considers their rich content in polyphenols.[@b28-ijn-13-1041] Polyphenols are efficient ligands for metal ions through multiple hydroxyl groups they possess. They form stable chelating rings able to reduce Au^3+^ ions to Au^0^. Recent computational studies have showed that polyphenolic molecules are physically attached onto the surface of AuNPs.[@b49-ijn-13-1041] The process is mediated by the binding of O atoms, belonging to polyphenol molecules, to the surface of AuNPs through an electron transfer process.[@b49-ijn-13-1041] Thus, we supposed that all plant extracts used in this study are able to not only reduce gold ions but also act as very efficient capping agents, stabilizing the NPs by means of electrostatic and/or steric repulsion.

As a common feature, for all colloids synthesized using OH extracts ([Figure 2A--C](#f2-ijn-13-1041){ref-type="fig"}), one can notice that, apart from the predominant spherically shaped NPs, a few triangular nanoplates are also present. The green synthesis of similar triangular gold nanoplates was reported for lemongrass (*Cymbopogon flexuosus*) plant extracts.[@b50-ijn-13-1041] It was shown that the water-soluble fraction of the lemongrass extract is implicated in the formation of triangular gold nanoplates and the polar fraction of the extract, containing mainly ketones, aldehydes and carboxylic acids, is very efficient for producing triangular gold structures.[@b50-ijn-13-1041] Another study has shown that gold nanoplates can be synthesized in the presence of acetone.[@b51-ijn-13-1041] Given the fact that our extraction procedure implies only polar solvents, we believe that our OH extracts could also contain the abovementioned molecular species. This could explain the presence of triangular nanoplates in the TEM images and the existence of the absorbance peak in the NIR region only in the case of NPs synthesized using OH extracts. For the NPs synthesized using OF extracts, only spherical or ellipsoidal NPs were detected ([Figure 2D](#f2-ijn-13-1041){ref-type="fig"}). The differences between the two types of extracts might presumably be due to the difference in their composition. The flowering stem of *O. vulgare* is very rich in volatile oils (carvacrol, thymol) containing ketone groups, and this could be the explanation for the presence of triangular structures in the colloids synthesized using OH extracts.[@b28-ijn-13-1041],[@b50-ijn-13-1041] On the other hand, for the NPs synthesized using OH extracts, their shape and size are strongly dependent on the used extract volumes. For 0.25 mL of extract, triangular nanoplates with large edges (\~400--500 nm) are formed, together with aggregates constituted by smaller NPs with irregular shapes ([Figure 2C](#f2-ijn-13-1041){ref-type="fig"}). By increasing the volume to 0.5 mL, well-defined spherical and faceted NPs together with smaller (100--200 nm edge) triangular nanoplates were observed ([Figure 2B](#f2-ijn-13-1041){ref-type="fig"}). By continuing to increase the OH extract volume at 1 mL, the overall size decreased ([Figure 2A](#f2-ijn-13-1041){ref-type="fig"}), but again both spherical and triangular nanoplates were detected. The mean sizes and the standard deviations of NPs, obtained from TEM and PCS data, are presented in [Table 1](#t1-ijn-13-1041){ref-type="table"}. The size distribution (obtained from TEM images) of AuNPs synthesized using 1 mL of OH extract is presented in [Figure 3](#f3-ijn-13-1041){ref-type="fig"}. Large-scale TEM images, size histograms and a scattering distribution of PCS light intensity are presented in [Figures S3](#SD3-ijn-13-1041){ref-type="supplementary-material"}[](#SD4-ijn-13-1041){ref-type="supplementary-material"}--[S5](#SD5-ijn-13-1041){ref-type="supplementary-material"}, respectively. The size distributions are qualitatively in agreement with the data obtained from UV--Vis absorption spectra. The lowest wavelength of the maximum absorption peak corresponds to AuNPs synthesized using 1 mL of OH extract. The increase in the mean size of NPs was qualitatively correlated with a red shift in the SPR peak. However, the maximum absorption peak wavelengths do not correlate quantitatively with the theoretical and experimental data proposed for spherical AuNPs.[@b52-ijn-13-1041],[@b53-ijn-13-1041] For example, in the case of AuNPs synthesized with 1 mL OH extract, the maximum plasmonic absorption peak is located at 534 nm. According to a theoretical multipole scattering model proposed by Haiss et al,[@b53-ijn-13-1041] this value corresponds to NPs having a mean diameter of 56 nm. Another theoretical model based on the Mie theory and discrete dipole approximation developed by the group of Jain et al[@b52-ijn-13-1041] indicates a mean size of 52 nm. Given the fact that the maximum absorption peak wavelength is strongly related to the dielectric constant of the medium surrounding the NPs, the shifts in the localized surface plasmon resonance (LSPR) are currently used in biodetection and sensing applications for various molecular species.[@b54-ijn-13-1041] Therefore, we strongly believe that the differences between the theoretical values and the experimental LPSR peaks observed in our study are a direct proof of the fact that the surface of as-synthesized AuNPs is capped with a dense molecular layer.

The size distributions obtained from PCS measurements are slightly larger as compared with those obtained from TEM measurements. These small differences can be explained if one considers that the diameters obtained from PCS measurements correspond to the so-called hydrodynamic diameters. They include the molecular layer present on the surface of NPs, which cannot be visualized in TEM. The zeta potential measurements revealed that the NPs have a negative potential situated in the −22 to −26 mV domain in acidic conditions, while in basic solutions (pH 11--12), the zeta potential is shifted toward more negative values (−41 to −47 mV). This can explain the incredible colloidal stability for the whole pH domain. By comparing the UV--Vis spectra of the NPs synthesized using 1 mL OH extract ([Figure 4](#f4-ijn-13-1041){ref-type="fig"}), one recorded right after the synthesis and the second one recorded after the colloid has been stored at room temperature for 30 months, no major differences can be detected. Owing to their stability, for the rest of the study, only AuNPs synthesized using 1 mL of OH extract (1 mL OH AuNPs) have been used (unless otherwise stated).

To evidence the molecular layer capping the NPs, FTIR-ATR measurements have been performed, both on dry plant material and dry colloid ([Figure 5](#f5-ijn-13-1041){ref-type="fig"}). The OH and OF extracts present similar ATR-FTIR spectra, characteristic to other plant extracts.[@b55-ijn-13-1041] The two peaks observed in the region of high wavenumbers (2,847 and 2,915 cm^−1^) are assigned to CH~2~ stretching vibrations. These peaks are also visible in the spectrum of dry colloids. Both plant extracts show complex spectral features having the main vibrational bands located at 1,038 cm^−1^ (associated with cellulose and other polysaccharide-rich substances such as hemicelluloses and pectins), 1,471 cm^−1^ (associated with methylene bending) and \~1,600 cm^−1^ (associated with the stretching vibration of carboxylate anion --COO^−^). The biggest difference observed in the spectra of the two plant extracts is the band at 1,730 cm^−1^. This band, which is very distinctive in spectrum of OH extract, is usually associated with a carbonyl stretching vibration. We strongly believe that this difference is a result of a much larger concentration of aldehydes and ketones in OH extracts, their presence being responsible for the synthesis of triangular AuNPs. The FTIR-ATR spectrum of 1 mL OH AuNPs features mainly the methylene stretching vibrations (2,847 and 2,915 cm^−1^). Other vibrations are not so well defined, making their assignment much more difficult. The presence of the two vibrational bands is a clear evidence of the existence of an organic layer capping the surface of AuNPs.

Surface-enhanced Raman spectroscopy
-----------------------------------

The AuNPs were tested for their performances in enhancing the Raman signal of different analytes. In [Figure 6](#f6-ijn-13-1041){ref-type="fig"} are presented the SER spectra of MB using as substrates 1 mL OH AuNPs. The SER spectrum of MB was faintly visible right after the analyte was mixed with the colloid. A strong fluorescence background was observed even for an excitation wavelength of 785 nm. After several hours of incubation ([Figure 6B](#f6-ijn-13-1041){ref-type="fig"}), the fluorescence strongly decreased and the intensity of the Raman scattered signal continuously increased. All the characteristic Raman bands of MB (as they are reported in the literature) were clearly visible. The main vibrations correspond to C--C ring stretching (1,620 cm^−1^), C--N--C skeletal deformation (448 and 502 cm^−1^) and asymmetric C--N stretching (1,420 cm^−1^).[@b56-ijn-13-1041] The time-dependent evolution of SER spectra is presumably due to a process of slow replacement of the capping molecules by the analyte. The same type of SER spectrum was obtained right after the addition of analyte by changing the colloidal pH ([Figure 6A](#f6-ijn-13-1041){ref-type="fig"}). It seems that a more basic environment favors the attachment of MB molecules to AuNPs, probably due to a stronger electrostatic interaction between the cationic dye and the anionic NPs. It is also interesting to note that other vibrational bands are strongly enhanced (608, 889, 1,120, 1,328 and 1,350 cm^−1^) both after a long incubation time or in a basic environment. These vibrational bands, characteristic to MB, were also observed in SERS measurements performed on "classical" citrate-capped AuNPs at pH values \>10 (data not shown). These results might suggest a modification of MB's absorption geometry in the presence of capping agents (slow process) or in basic environments (rapid process).

The plasmonic properties of 1 mL OH AuNPs were also tested for a well-known beta-blocker pharmaceutical compound: PRNL ([Figure 7](#f7-ijn-13-1041){ref-type="fig"}). A previous study revealed that the SER spectra of beta blockers are dominated by central aromatic ring vibrations.[@b57-ijn-13-1041] PRNL presents high-intensity Raman bands at 1,383 and 737 cm^−1^ and medium intensity bands at 1,578 and at 1,439 cm^−1^. All these bands are assigned to different vibrational modes of the naphthyl group.[@b58-ijn-13-1041],[@b59-ijn-13-1041] When using 1 mL OH AuNPs as SERS substrates, one could not record the characteristic spectrum of PRNL by the simple addition of the analyte to colloidal suspension. The result remained the same in basic conditions or upon the addition of different aggregating agents (NaCl, LiCl). This behavior can be explained if one considers that PRNL molecules cannot replace the capping agents present on the surface of AuNPs. For a proper understanding of this phenomena, the approach proposed by Xu et al[@b60-ijn-13-1041] in the case of silver NPs (called iodide NPs modification) has been used in this study. When a monolayer of iodide ions is created on the surface of NPs, the halide ions are able to "clean" the surface, thus increasing the chances of analyte molecules to adhere to the surface of NPs and to be detected by means of SERS. In our case, 0.1 mL of KI solution (1 M) was added to 0.4 mL of 1 mL OH AuNP colloidal solution. After 30 min, the analyte molecule (PRNL) has been added and the characteristic SER spectrum of PRNL could be recorded ([Figure 7](#f7-ijn-13-1041){ref-type="fig"}). Apart from the characteristic Raman bands of PRNL, two other bands (464 and 585 cm^−1^) have been observed. These bands are present even in the absence of the analyte and are probably due to capping molecules. Their assignment is not straightforward, but it is worth mentioning that Raman bands in this spectral range are associated with various organic combinations of Si, S or I. The evolution of the SER spectra with the increase in colloidal pH is similar to that observed in the case of MB. The best spectrum of PRNL has been measured in basic conditions (pH =10).

For both analytes used in this study, it has been noticed that they can be brought closer to the surface of NPs in basic conditions, probably because at high pH values, the capping molecules can be easily replaced by the analytes.

Polyphenolic content and radical scavenging activity
----------------------------------------------------

For the quantification of TPC, the colorimetric Folin--Ciocalteu method, frequently used for TPC quantification in natural products, was used in this study. The TPC values of pure OVEs and 1 mL OH AuNP solutions are presented in [Table 2](#t2-ijn-13-1041){ref-type="table"}. The TPC of OVEs used in this study has a value of 21.58 mg/g dry weight plant material (DW). The TPC of a product is considered high when its GAE values are in the 12--20 mg/g DW range or higher. Therefore, *O. vulgare* can be considered as a species very rich in polyphenols.[@b61-ijn-13-1041]--[@b64-ijn-13-1041] On the other hand, when we compare the TPC value of the gold colloids with the value of pure extracts, for the same amount of DW, it appears that the TPC of colloids is \~3.5 times smaller. This striking difference might be due to the fact that, at least partially, the polyphenols were "consumed" during the synthesis of gold colloids.

When comparing the TPC values, expressed as milligrams of GAE per milliliter of sample, the difference is even larger. The extract of *O. vulgare* contains 69 times more polyphenols (2,158 μg/mL) than the NPs' suspension (31.27 μg/mL). Therefore, for a proper evaluation of the DPPH scavenging ability of the colloids with respect to pure extracts, the latter was 69 times diluted. After this dilution, the extract contained the same quantity of polyphenols as the colloidal solution. The antioxidant assay pointed out that NPs' suspension showed a higher antioxidant activity (70.61%) than the diluted extract (46.80%). Although in most plant extracts there is a positive correlation between the TPC and their antioxidant activity, some reports showed that in several plant species, there is an equivocal relationship between the TPC and the antioxidant activity.[@b63-ijn-13-1041] These differences might be explained on one hand by the fact that Folin--Ciocalteu assay gives only a crude estimate of the TPC and on the other hand that the TPC does not necessarily incorporate all the antioxidants that may be present in an extract. In such conditions, diluting the extracts 69 times can lead to a significant decrease in nonphenolic compounds possessing significant antioxidant activity.

Cytotoxicity assessment
-----------------------

AuNPs might have a multitude of medical applications, but their clinical use is still limited by their cytotoxicity. One of the major goals of this study was to synthesize NPs active against fungi and bacteria that are well tolerated by the skin. To determine if the as-synthesized 1 mL OH AuNPs are appropriate for medical use, cell viability tests were performed on both normal human dermal fibroblast (HDF) and radial growth phase melanoma (WM35) cells. The HDF cells resembled the cutaneous and mucosal route of NPs' application, while WM35 cells could shed light on their potential anticancer effect. Several assays are commonly used for evaluating the impact of cells exposure to NPs. In this study, we have used the MTT assay, which is considered as the "gold standard" for cytotoxicity evaluation. It is considered to be more relevant as compared with other methods measuring cell membrane integrity (lactate dehydrogenase assay and fluorescent dye-based assays).[@b65-ijn-13-1041] To exclude the effects of different TPCs, the solutions of NPs were compared with 69 times diluted pure plant extracts.

The results presented in [Figure 8](#f8-ijn-13-1041){ref-type="fig"} indicate that 1 mL OH AuNPs presents a low toxicity level for both cell lines, for an exposure time of 24 hours. In HDF cells, no toxicity was noticed up to a concentration of 2.0 μg/mL, while the exposure to the highest concentration (4.0 μg/mL) induced a small inhibition ([Figure 8A](#f8-ijn-13-1041){ref-type="fig"}). Similar results were observed in the case of WM35 cells, but this cell line seems to be more sensitive to AuNPs' exposure. The inhibitory effect was noticeable starting from 2.0 μg/mL ([Figure 8B](#f8-ijn-13-1041){ref-type="fig"}) and was dose dependent. The IC~50~ values were calculated from dose--response curves using nonlinear regression. Their values (at 24 h) were 15.9±9.2 μg/mL for HDF cells and 6.5±3.8 μg/mL for WM35 cells. This is a further proof of a higher sensibility of WM35 cells upon exposure to AuNPs with respect to HDF cells.

On the other hand, the extracts of *O. vulgare* did not interfere with the proliferation of fibroblastic cells, and at the highest administered doses, they seem to have even a stimulative effect on melanoma cells ([Figure 8B](#f8-ijn-13-1041){ref-type="fig"}).

Cytotoxicity of AuNPs is a topic of paramount interest from the point of view of their potential biotechnological applications, but currently it is still a matter of controversy. A large number of experiments (performed in vitro and/or in vivo) have confirmed their nontoxicity, while others concluded that AuNPs could be toxic.[@b66-ijn-13-1041] Multiple factors such as size, shape, surface coating, surface charge, dose and exposure influence the reported toxicological data.[@b67-ijn-13-1041] Although the in vivo data are obviously more relevant, many studies reported in the literature were performed in vitro. These studies are simpler to perform and can provide the basis for understanding the mechanisms responsible for toxicity of NPs in vivo. Our results showing that AuNPs manifest their toxic effect at concentrations as low as 4 μg/mL are in agreement with other reports and can be explained by the size of NPs. It has been shown that the optimal size for uptake of NPs by cells is \~50 nm.[@b67-ijn-13-1041] The explanation of this optimal size was based on the so-called wrapping effect. This theoretical model, describing how a cellular membrane encloses NPs, states that NPs with 27--30 nm diameter have the fastest wrapping time and the fastest receptor-mediated endocytosis. As a consequence, they are the most cytotoxic.[@b68-ijn-13-1041] On the other hand, several polyphenols have shown remarkable cancer-preventive and/or cancer-therapeutic effects, which are likely due to their ability to induce apoptosis in cancer cells without affecting normal cells. The same behavior was recently demonstrated for epigallocatechin-3-gallate-capped AuNPs.[@b70-ijn-13-1041] In our study, the OVEs, which are very rich in polyphenols, seem to have a proliferative effect on melanoma cells, while the AuNPs synthesized with the same extract possess a cytotoxic effect on the same cell line. These results, which are apparently contradictory, might be explained by the effect of AuNPs on biomolecules. Very recently, it has been demonstrated that citrate-capped AuNPs are able to reprogram pancreatic tumor environment and inhibit tumor growth.[@b71-ijn-13-1041] It has been speculated that bare AuNPs of \~20 nm have an optimum size to maximize the density of the biomolecules bound on their surfaces, changing their configuration and by this mechanism altering the communication between normal and cancer cells and thus leading to tumor growth inhibition.[@b72-ijn-13-1041] HDF primary cell culture is derived from adult skin being cryopreserved at the end of the primary culture, while WM35 is an immortal cell line raised from a radial growth phase of melanoma. Despite the fact that melanoma tumors are notoriously refractory to therapy, the melanoma cell lines are particularly sensitive to genotoxic stress. For instance, UV light induces apoptosis in melanoma cell lines (including WM35) in vitro by DNA damage, through a mechanism mediated by reactive oxygen species. The induced DNA damage might enhance the malignancy of the surviving tumor cells.[@b73-ijn-13-1041] Nucleus is also an important target for AuNPs, melanoma cell lines being one of the most susceptible. Our results are in good agreement with recent results showing that AuNPs are able to induce nucleus damage in cancer cells but not in their normal counterparts.[@b74-ijn-13-1041]

In vitro antimicrobial activity
-------------------------------

The antimicrobial activity of AuNPs and OVEs was compared on five representative microorganisms, *S. aureus*, *L. monocytogenes*, *S. enteritidis*, *E. coli* and *C. albicans*, using the DIZ in a disk diffusion assay ([Table 3](#t3-ijn-13-1041){ref-type="table"}). The susceptible strains exhibited large DIZ (\>10 mm), whereas the resistant strains exhibited small DIZ (≤10 mm). The aqueous extract of *O. vulgare* was inactive against all tested microbial strains (DIZ =6 mm). On the contrary, the disks treated with 1 mL OH AuNPs were surrounded by a large and clear zone in the case of *S. aureus* (DIZ =21 mm; [Figure 9](#f9-ijn-13-1041){ref-type="fig"}), suggesting their powerful antibacterial action against this bacterium. Meanwhile, our AuNPs showed a low antibacterial activity against *S. enteritidis* and *L. monocytogenes* (DIZ =10 mm) and did not show any inhibitory effect against *E. coli* (DIZ =8 mm). Recently it was shown that silver NPs synthesized using OVEs were effective against Gram-negative and Gram-positive bacteria, but this could be related to the presence of silver ions.[@b30-ijn-13-1041] Regarding the antifungal activity, our NPs exhibited a strong activity against *C. albicans* (DIZ =28 mm; [Figure 9](#f9-ijn-13-1041){ref-type="fig"}). In the scientific literature, there is no clear explanation of the mechanism involved in the antibacterial action of NPs. It is supposed that NPs could target the microbial cell membranes, disrupting the membrane potential.[@b44-ijn-13-1041] By considering the biomolecules covering the surface of our NPs, we believe that their strong antimycotic and antibacterial effects might be related to an easier penetration of the cell membranes, mediated by these biomolecules. Our results emphasize the potential topical applications of these AuNPs against *Candida* and *Staphylococcus* pathogens in dermatological disorders.

Conclusion
==========

In this study, we report a new, simple, rapid and efficient green synthesis method of biocompatible AuNPs using OVEs as reducing and capping agents. The as-synthesized AuNPs were thoroughly characterized by UV--Vis, FTIR and SER spectroscopies and PCS and TEM. The experimental results pointed out the formation of quasi-spherical biocompatible NPs possessing very interesting plasmonic, antioxidant and antimicrobial properties. The plasmonic properties of AuNPs capped with a layer of biomolecules originating from the plant extracts are able to enhance the Raman signal of MB and PRNL. Meanwhile, they showed significant bactericidal and antimycotic activities against human pathogenic bacterial strains. The most sensitive species were *S. aureus* and *C. albicans*, two microorganisms commonly involved in various dermatological infections. The standard MTT cytotoxicity assay revealed that this new class of AuNPs was well tolerated by normal HDF cells, while the melanoma WM35 cancer cells were more sensitive. The significant antioxidant properties they possess could recommend them for use in various skin inflammatory applications, including reduction of side effects in dermatological infection. More investigations on antibacterial activity and skin tolerance remain to be done, but nevertheless, data presented here provide a good starting point for exploring new applications of AuNPs in nanomedicine.

Supplementary materials
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###### 

*O. vulgare* from the spontaneous flora (Valea Ariesului region).

**Abbreviation:** *O. vulgare*, *Origanum vulgare*.

###### 

Calibration curve for TPC determination using standard gallic acid solution.

**Abbreviations:** COD, coefficient of determination; TPC, total phenolic content.

###### 

Large-scale TEM image of 1 mL OH AuNPs.

**Abbreviations:** TEM, transmission electron microscopy; OH, *Origanum herba*; AuNP, gold nanoparticle.

###### 

Size distribution histograms of AuNPs synthesized using 0.25 mL OH extract (**A**) and 0.5 mL OH extract (**B**).

**Notes:** Data were fitted with a normal distribution function. Mean sizes and standard deviations are presented in [Table 1](#t1-ijn-13-1041){ref-type="table"}.

**Abbreviations:** AuNP, gold nanoparticle; OH, *Origanum herba*.

###### 

Size distribution obtained from a PCS measurement of 1 mL OH AuNPs.

**Abbreviations:** PCS, photon correlation spectroscopy; OH, *Origanum herba*; AuNP, gold nanoparticle; NP, nanoparticle.
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![UV--Vis absorption spectra of different colloidal solutions.\
**Notes:** (**A**) UV--Vis absorption spectra of AuNP solutions synthesized using 0.25 mL (a), 0.5 mL (b), 1 mL (c), 1.5 mL (d) and 2 mL (e) OH extracts. (**B**) UV--Vis absorption spectra of AuNP solutions synthesized using 0.5 mL (a), 1 mL (b) and 1.5 mL (c) OF extracts. The insets present two optical images of the colloidal solutions synthesized using the two types of extracts. The colloids were diluted 1:1 with double distilled water prior to the measurements.\
**Abbreviations:** UV, ultraviolet; Vis, visible; AuNP, gold nanoparticle; OH, *Origanum herba*; OF, *Origanum folium*.](ijn-13-1041Fig1){#f1-ijn-13-1041}

![TEM images of AuNPs synthesized using 1 mL OH extract (**A**), 0.5 mL OH extract (**B**), 0.25 mL OH extract (**C**) and 1 mL OF extract (**D**).\
**Note:** The insets in (**D**) are higher magnification images of the NPs synthesized using 1 mL OF extract.\
**Abbreviations:** TEM, transmission electron microscopy; AuNP, gold nanoparticle; OH, *Origanum herba*; OF, *Origanum folium*; NP, nanoparticle.](ijn-13-1041Fig2){#f2-ijn-13-1041}

![TEM-derived size distribution of the AuNPs synthesized using 1 mL OH extract.\
**Note:** Data were fitted with a normal distribution curve.\
**Abbreviations:** TEM, transmission electron microscopy; AuNP, gold nanoparticle; OH, *Origanum herba*; NP, nanoparticle; SD, standard deviation.](ijn-13-1041Fig3){#f3-ijn-13-1041}

![UV--Vis absorption spectra of 1 mL OH AuNP solution measured right after the synthesis (black curve) and after 30 months of storage at room temperature (red curve).\
**Abbreviations:** UV, ultraviolet; Vis, visible; OH, *Origanum herba*; AuNP, gold nanoparticle.](ijn-13-1041Fig4){#f4-ijn-13-1041}

![FTIR-ATR spectra of dry OH extract (a), dry OF extract (b) and dry 1 mL OH AuNPs (c).\
**Notes:** The spectra were normalized to the maximum ATR intensity and were offset for clarity. The arrow indicates the position of the most distinct band, which can be found only in the case of OH extract.\
**Abbreviations:** ATR, attenuated total reflectance; FTIR, Fourier transform infrared; OH, *Origanum herba*; OF, *Origanum folium*; AuNP, gold nanoparticle.](ijn-13-1041Fig5){#f5-ijn-13-1041}

![pH and time dependence of SER spectra of MB.\
**Notes:** (**A**) pH dependence of SER spectra of MB acquired using as substrates 1 mL OH AuNPs. (**B**) Time-dependent SER spectra of MB acquired using as substrates 1 mL OH AuNPs. The spectra were recorded using a 785 nm excitation laser. The arrows indicate the precise position of the vibrational bands.\
**Abbreviations:** SER, surface-enhanced Raman; MB, methylene blue; OH, *Origanum herba*; AuNP, gold nanoparticle; au, atomic unit.](ijn-13-1041Fig6){#f6-ijn-13-1041}

![SER spectra of PRNL.\
**Notes:** SER spectra of PRNL recorded using as substrates 1 mL OH AuNPs at pH =4 (b) and pH =10 (c). The SER spectrum of PRNL recorded on "classical" citrate-capped AuNPs is presented for comparison (a). The final concentration of PRNL was 2 mM. The spectra were recorded using a 785 nm excitation laser.\
**Abbreviations:** SER, surface-enhanced Raman; PRNL, propranolol; OH, *Origanum herba*; AuNP, gold nanoparticle; au, atomic unit.](ijn-13-1041Fig7){#f7-ijn-13-1041}

![Comparative cytotoxicity of 1 mL OH AuNPs and pure OVEs on fibroblasts (**A**) and WM35 (**B**) cell cultures after 24 h of exposure at a dose of 0.25, 0.5, 1.0, 2.0 and 4.0 μg/mL (mean ± SEM; n=3).\
**Note:** \**p*\>0.05 as compared to control.\
**Abbreviations:** OH, *Origanum herba*; AuNP, gold nanoparticle; OVE, *Origanum vulgare* extract; SEM, standard error of the mean; AuNP, gold nanoparticle.](ijn-13-1041Fig8){#f8-ijn-13-1041}

![Optical images showing the inhibition zones obtained in the case of *C. albicans* (**A**) and *S. aureus* (**B**) treated with 1 mL OH AuNPs solutions.\
**Abbreviations:** *C. albicans*, *Candida albicans*; *S. aureus*, *Staphylococcus aureus*; OH, *Origanum herba*; AuNP, gold nanoparticle.](ijn-13-1041Fig9){#f9-ijn-13-1041}

###### 

TEM- and PCS-derived mean size distributions of gold colloids synthesized using different OH extract volumes

  Volume of extract (mL)   TEM, mean size ± SD (nm)   PCS size (nm)   PCS-derived PDI
  ------------------------ -------------------------- --------------- -----------------
  0.25                     72.9±44.22                 74.82           0.48
  0.5                      56.83±22.81                64.41           0.42
  1                        36.75±16.82                42.22           0.52

**Abbreviations:** TEM, transmission electron microscopy; PCS, photon correlation spectroscopy; OH, *Origanum herba*; SD, standard deviation; PDI, polydispersity index.

###### 

TPC and antioxidant activity of the studied species

  Species name           TPC (mg GAE/g DW)   DPPH (*I*%)
  ---------------------- ------------------- -------------------------------------------------------
  1 mL OH AuNPs          6.25±0.57           70.61±4.39
  OVE                    21.58±0.11          46.80±2.20[a](#tfn3-ijn-13-1041){ref-type="table-fn"}
  Vitamin C (10 μg/mL)   --                  89.53±4.47

**Notes:** Each value is the mean ± SD of three independent measurements.

For the DPPH tests, the extracts were diluted 69 times in order to have the same TPC as the colloids.

**Abbreviations:** TPC, total phenolic content; GAE, gallic acid equivalent; DW, dry weight plant material; DPPH, 2,2-diphenyl-1-picrylhydrazyl; OH, *Origanum herba*; AuNP, gold nanoparticle; OVE, *Origanum vulgare* extract; SD, standard deviation.

###### 

Antimicrobial activity of 1 mL OH AuNPs and pure OVE

  Samples              DIZ (mm)                  
  -------------------- ---------- ---- ---- ---- ----
  1 mL OH AuNPs        10         8    10   21   28
  OVE                  6          6    6    6    6
  Bi-distilled water   --         --   --   --   --

**Abbreviations:** OH, *Origanum herba*; AuNP, gold nanoparticle; OVE, *Origanum vulgare* extract; DIZ, diameter of the inhibition zone; *S. enteritidis*, *Salmonella enteritidis*; *E. coli*, *Escherichia coli*; *L. monocytogenes*, *Listeria monocytogenes*; *S. aureus*, *Staphylococcus aureus*; *C. albicans*, *Candida albicans*.
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